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A B S T R A C T
Visual size perception is highly context-dependent. In a series of experiments reported here, we demonstrated
that the contextual modulation of visual size processing could occur independent of conscious awareness.
Speciﬁcally, the Ebbinghaus illusion, which is mediated by lateral connections within the early visual processing
stream, persisted even when the surrounding inducers were rendered invisible. Moreover, when the central
target was initially interocularly suppressed, the identical target emerged from suppression faster when sur-
rounded by small relative to large inducers, with the suppression time diﬀerence well predicted by the strength
of the illusion. By contrast, there were no such subconscious contextual modulation eﬀects associated with the
Ponzo illusion, which largely relies on feedback projections to the early visual cortices. These results indicate
that contextual information can modulate visual size perception without conscious awareness, and the dis-
sociated modulation eﬀects further suggest that subconscious contextual modulation takes place in the early
visual processing stream and is largely independent of high-level feedback inﬂuences.
1. Introduction
Accurately perceiving the size of visual objects is fundamental to
our daily activities. Visual size perception does not only rely on the
estimation of the object itself, but also depends on its surrounding
context. For instance, an object would be perceived larger when sur-
rounded by small items than when the identical object is surrounded by
large items (i.e., the Ebbinghaus illusion). Similarly, an object would
appear larger when placed at an apparently far location compared to
the same object placed at an apparently near location (i.e., the Ponzo
illusion).
Recent studies have revealed that contextual-dependent size per-
ception relates, directly or indirectly, to the anatomical and functional
properties of the primary visual cortex (V1). For instance, the magni-
tudes of the Ebbinghaus illusion and the Ponzo illusion are both found
to be negatively correlated with the surface area of V1 (Schwarzkopf,
Song, & Rees, 2011). Visual objects that are perceived larger due to
depth cues (Fang, Boyaci, Kersten, & Murray, 2008; Murray, Boyaci, &
Kersten, 2006) or through size adaptation (Pooresmaeili, Arrighi, Biagi,
& Morrone, 2013) activate larger areas of V1. Afterimages, even in-
duced by the same retinal image, can be perceived to be diﬀerent in size
and elicit diﬀerent retinotopic activities in V1 (Sperandio, Chouinard, &
Goodale, 2012).
More interestingly, the Ebbinghaus illusion eﬀect has also been
observed among several other species, including the bottlenose dolphin
(Murayama, Usui, Takeda, Kato, & Maejima, 2012), the redtail splitﬁn
ﬁsh (Sovrano, Albertazzi, & Salva, 2015), and 4-day-old domestic
chicks (Salva, Rugani, Cavazzana, Regolin, & Vallortigara, 2013). These
animals experience the Ebbinghaus illusion in the same way as humans
do, that is, they perceive the circle surrounded by large inducers to be
smaller than the physically identical circle surrounded by small in-
ducers. In avian species including chicks, major visual processing in-
cluding size perception is carried out by the tectofugal pathway which
projects from the retina to the optic tectum (homolog of the superior
colliculus), to the nucleus rotundus of the thalamus (homolog of the
pulvinar complex), and to the entopallium in the telencephalon (Hodos,
Macko, & Bessette, 1984; Hodos, Weiss, & Bessette, 1986; Macko &
Hodos, 1984). This raises an intriguing question that the neural me-
chanism crucial for perceiving the Ebbinghaus illusion might be located
in the midbrain (Salva et al., 2013).
Because the early visual processing stream including human V1 and
avian subcortical areas makes crucial contribution to the emergence of
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the Ebbinghaus illusion, it is reasonable to postulate that the contextual
modulation of surrounding inducers on the central target (as in the
Ebbinghaus illusion) would have evolutionary signiﬁcance and might
take place automatically and even in the absence of awareness. In
particular, we conjectured that in the Ebbinghaus illusion, the con-
textual modulation eﬀect could still be observed even when the central
target or the surrounding inducers were rendered invisible. To test
these assumptions, we ﬁrstly investigated the potency of the central
target of the Ebbinghaus conﬁguration to emerge from suppression
utilizing continuous ﬂash suppression (CFS; Tsuchiya & Koch, 2005), a
variant of binocular rivalry in which the target is monocularly pre-
sented and suppressed from awareness for quite a long time by si-
multaneously presenting high contrast dynamic patterns to the other
eye (Jiang & He, 2006; Stein & Peelen, 2015). A previous study has
demonstrated that stimuli with large physical size (i.e., occupying a
wider horizontal region) break from suppression faster than stimuli
with small physical size (Jiang, Costello, & He, 2007). If the contextual
modulation of visual size processing could occur subconsciously, targets
surrounded by small inducers would take a shorter time (termed as
suppression time) to break from suppression compared with those
surrounded by large inducers (Jiang et al., 2007; Stein, Reeder, &
Peelen, 2016; Yang, Zald, & Blake, 2007). Furthermore, we rendered
the surrounding inducers invisible with the techniques of CFS and
backward masking, and measured the perceived target size using the
method of adjustment. By this means, we could directly evaluate the
Ebbinghaus illusion in subconscious settings and compare its illusion
strength with that in a conscious contextual condition.
Finally, to further explore the limits and the neural loci of sub-
conscious contextual modulation of visual size processing, we adopted
another size illusion, that is, the Ponzo illusion. Although the percep-
tion of the Ebbinghaus illusion and that of the Ponzo illusion both en-
gage V1, it has been suggested that the Ebbinghaus illusion largely
relies on horizontal connections within V1 while the Ponzo illusion
mainly relies on feedback projections from higher visual areas to V1
(Fang et al., 2008; Schwarzkopf et al., 2011). When the target and its
surrounding context are dichoptically presented, the magnitude of the
Ebbinghaus illusion is signiﬁcantly reduced whereas the Ponzo illusion
is less aﬀected (Song, Schwarzkopf, & Rees, 2011). Moreover, compared
with simultaneous presentation, successive presentation of the sur-
rounding context and the target diminishes or even eliminates the Eb-
binghaus illusion (Cooper & Weintraub, 1970; Jaeger & Pollack, 1977)
but not the Ponzo illusion (Shen et al., 2015). The aforementioned
evidence suggests that the contextual modulation of visual size pro-
cessing in the Ponzo illusion, compared with that in the Ebbinghaus
illusion, emerges at a relatively late processing stage and involves high-
level feedback mechanisms. If subconscious modulation occurs pri-
marily within the early visual processing stream, the contextual mod-
ulation eﬀect would not be observed when the context or the target in
the Ponzo conﬁguration is rendered invisible. Conversely, if high-level
feedback mechanisms are engaged in subconscious processing, the
contextual modulation eﬀect would be expected for the Ponzo illusion
in the absence of awareness.
2. Method
2.1. Participants
A total of 136 participants (age ranged between 19 and 29 years
with a mean of 22.7 years) took part in the study.1 Seventeen (7 male)
participated in Experiments 1a and 1b, sixteen (6 male) participated in
Experiment 1c, twenty-four (10 male) participated in Experiment 2a,
twenty (11 male) participated in Experiment 2b, twenty (10 male)
participated in Experiment 3, twenty (9 male) participated in Experi-
ment 4, and another twenty (9 male) participated in Experiment 5 (one
participant also took part in Experiment 3). All participants had normal
or corrected-to-normal vision and gave written, informed consent in
accordance with procedures and protocols approved by the institutional
review boards of Institute of Psychology, Chinese Academy of Sciences
and Liaoning Normal University. They were naive to the purpose of the
experiments.
2.2. Stimuli
Stimuli were generated with MATLAB (Mathworks, Natick, MA) and
presented on a CRT monitor (1280×1024 or 1024×768 at 60 Hz)
using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997). The
Ebbinghaus conﬁguration (4.8°× 4.8° or 2.6°× 2.6°) was composed of
a central target (a circle or an irregular shape, 1.1°× 1.1°) surrounded
by four large (1.7°× 1.7°) or small (0.6°× 0.6°) circles. The Ponzo
conﬁguration (7.7°× 9.1° or 4.0°× 9.8°) was made up of a pair of two
converging or parallel lines and one target bar (1.1°× 0.2°). The CFS
display consisted of high-contrast, colored noise patterns that changed
at a rate of 10 Hz. In the experiments using CFS displays (Experiments
1b, 2a, 2b, 4b and 5), the images presented to the two eyes were dis-
played side by side on the screen and fused using a mirror stereoscope.
A fusion frame with a ﬁxation point was also presented to each eye at
the beginning of each trial to facilitate stable convergence of the two
images. All stimuli were presented at a viewing distance of 60 cm
against a gray background.
2.3. Procedure
2.3.1. Experiment 1: Contextual modulations of visible and invisible targets
in the Ebbinghaus conﬁguration
In Experiment 1a, the Ebbinghaus conﬁguration (Fig. 1A) was pre-
sented in the left visual ﬁeld, and the comparative ﬁgure was presented
in the right visual ﬁeld. The shape of the comparative ﬁgure corre-
sponded with the target type in each trial, and its initial size varied
randomly from 0.9° to 1.4° in steps of 0.06°. Observers were instructed
to adjust the size of the comparative ﬁgure by pressing keys until it
looked identical to the target. There was no time limit for the observers
to perform the task. The two types of central targets (a circle or an
irregular shape) were comparable in size and area. There was a total of
132 trials with 33 trials per condition.
In Experiment 1b, a dynamic noise pattern (1.3°× 1.3°) was pre-
sented to one eye of the observer at full contrast, and the target sur-
rounded by four inducers was simultaneously presented to the other eye
at the corresponding location of the noise pattern. At the very begin-
ning of each trial, observers perceived the noise pattern and were
unaware of the target. The contrast of the target was ramped up gra-
dually from 0% to 100% within 1 s starting from the onset of the noise
pattern and then remained constant until the observer made a button-
press response to indicate the target’s shape or until 10 s elapsed
without response (Fig. 1B). The illusory conﬁguration and the noise
pattern were randomly switched across eyes in each trial. There was a
total of 160 trials with 40 trials per condition.
In Experiment 1c, the target was blended into the dynamic noise
(Fig. 1C) and its contrast was ramped up gradually at a rate of 16.7%
increment per second so that response time would be in the same range
as the suppression time in Experiment 1b. Observers viewed the stimuli
without the mirror stereoscope, and performed exactly the same task as
that in Experiment 1b. There was a total of 160 trials with 40 trials per
condition.
Previous studies have demonstrated that the illusion strength varies
with the similarity of the shapes of the central target and its sur-
rounding inducers (Coren & Miller, 1974; Rose & Bressan, 2002).
Therefore, we expected that the illusion strength of the circle target
would be larger than that of the irregular target in Experiment 1a. The
1 For each of the experiments, we sought to collect data from 16 to 24 par-
ticipants, according to the standard of a typical psychophysical study.
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inclusion of the target with an irregular shape in the Ebbinghaus con-
ﬁguration was also to provide a control condition for Experiment 1b to
rule out the possibility that the contextual modulation of the invisible
target, if observed, was simply due to the presence of the visible large
vs. small inducers alone (which were identical for the circle and the
irregular targets).
2.3.2. Experiment 2: Ebbinghaus illusion with invisible inducers using CFS
masking
A dynamic Mondrian pattern (5.7°× 5.7°) was presented to the
dominant eye and the target was presented to both eyes. Following a
period of 0.2 s, four surrounding inducers were presented to the non-
dominant eye at the corresponding location of the Mondrian pattern
and their contrast was ramped up from 0% to 30% within 0.3 s. After
the simultaneous disappearance of the Mondrian pattern and the illu-
sory conﬁguration, a comparative ﬁgure whose size ranged from 0.9° to
1.4° in steps of 0.06° was presented in the lower visual ﬁeld (2.8° from
the frame center; see Fig. 2A). In Experiment 2a, observers were asked
to adjust the size of the comparative ﬁgure to match that of the target
without time limit, and then to judge whether they had seen anything
else except the Mondrian pattern and the target at the end of each trial.
To further conﬁrm the invisibility of the surrounding inducers, a se-
parate objective two-alternative forced-choice (2AFC) task was used (a
total of 200 trials with 50 trials per condition). The stimuli and pro-
cedure were similar to the main experiment, except that the compara-
tive ﬁgures were not presented. The observers had to guess whether the
surrounding inducers were large or small in reference to the central
target even though they could not see the inducers. To rule out the
potential inﬂuence of regression to the mean on the observed eﬀect
(Shanks, 2017) and further check the invisibility of surrounding in-
ducers trial by trial, we conducted Experiment 2b, during which the size
adjustment task and the 2AFC size discrimination task were performed
sequentially for each trial. There was a total of 80 trials with 20 trials
per condition for both Experiments 2a and 2b.
2.3.3. Experiment 3: Ebbinghaus illusion with invisible inducers using
backward masking
The typical Ebbinghaus conﬁguration (a circle surrounded by four
large or small circles) with noise on it was presented for 33ms. Then
the surrounding inducers were replaced by a black-and-white random-
noise mask (4.8°× 4.8°) for 100ms. Following the simultaneous dis-
appearance of the mask and the target, a comparative circle whose
diameter ranged from 0.9° to 1.4° in steps of 0.06° was presented in the
lower visual ﬁeld (8.5° from the screen center; see Fig. 2B). Observers
were required to adjust the size of the comparative circle to match that
of the target without time limit, and then performed a 2AFC task to
indicate whether the surrounding inducers were large or small at the
end of each trial. There was a total of 40 trials with 20 trials per con-
dition.
2.3.4. Experiment 4: Contextual modulations of visible and invisible targets
in the Ponzo conﬁguration
In Experiment 4a, the Ponzo conﬁguration (Fig. 3A) was presented
at the center of the screen. The comparative bar was presented on the
right side of the illusory conﬁguration (8.5° from screen center), and its
initial length varied from 0.9° to 1.4° in steps of 0.06°. To exclude the
potential confounding inﬂuence of the physical location of the target
bar on the monitor, we used two converging conditions, that is, con-
verging upward and converging downward. Thus, the location of the
target near the apex in the converging upward context corresponded to
that far from the apex in the converging downward context, and vice
versa. Observers were instructed to adjust the length of the comparative
bar by pressing keys to match that of the target bar without time limit.
There was a total of 132 trials with 22 trials per condition.
In Experiment 4b, two standard dynamic noise patterns were pre-
sented to one eye at full contrast, and the target simultaneously sur-
rounded by two converging or parallel lines was presented to the other
eye at one of the locations of the noise patterns. At the very beginning
of each trial, observers perceived the noise patch and were unaware of
the target. The contrast of the target was ramped up gradually from 0%
to 60% (70% for one observer) within 1 s and then remained constant
until the observer made a button-press response to indicate the location
of the target or until 10 s passed without response (Fig. 3B). Throughout
the whole experiment, observers were required to keep their eyes ﬁxed
at the ﬁxation point. There was a total of 240 trials with 40 trials per
condition.
2.3.5. Experiment 5: Ponzo illusion with invisible inducers using CFS
masking
A dynamic Mondrian pattern (10.2°× 10.2°) was presented to the
dominant eye and the target bar was presented to both eyes for 0.2 s
(Fig. 3C). Thereafter, one of the three contexts was presented to the
nondominant eye at the corresponding location of the Mondrian pattern
and its contrast was ramped up from 0% to 30% within 0.3 s. After the
simultaneous disappearance of the Mondrian pattern and the illusory
conﬁguration, a comparative bar whose length ranged from 0.9° to 1.4°
Fig. 1. Stimuli and experimental design. (A) Examples of the Ebbinghaus conﬁgurations as used in Experiment 1. (B) A typical trial in Experiment 1b and (C) the
corresponding control condition in Experiment 1c.
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in steps of 0.06° was presented in the lower visual ﬁeld (4.8° from the
frame center). Observers were asked to adjust the length of the com-
parative bar to match that of the target bar without time limit, and then
to identify which one of the three contexts was presented during the
CFS phase at the end of each trial. There was a total of 120 trials with
20 trials per condition.
3. Results
To draw deﬁnite conclusions about the viability of the null hy-
pothesis, we calculated Jeﬀrey-Zellner-Siow Bayes factor (BF) with
Cauchy distribution (scale r= 1) to denote the likelihood of the null
(H0) over the alternative (H1) hypothesis (Moors, Boelens, van
Overwalle, & Wagemans, 2016; Rouder, Speckman, Sun, Morey, &
Iverson, 2009; Vadillo, Konstantinidis, & Shanks, 2016). We used BF10
to report evidence in favor of the alternative hypothesis.
3.1. Experiment 1: Contextual modulations of visible and invisible targets in
the Ebbinghaus conﬁguration
In Experiment 1a, the perceived size of the central target was cal-
culated by the formula: × 100perceived size - physical sizephysical size %, and the illusion
eﬀect was measured as the disparity of the perceived sizes of the targets
Fig. 2. Schematic representation of the experimental procedures in Experiments 2 and 3. (A) In Experiment 2, the dynamic Mondrian pattern was presented to the
dominant eye and the surrounding inducers were presented to the nondominant eye. (B) In Experiment 3, the illusory conﬁguration with noise on it was presented
binocularly, followed by a mask of black-and-white random noise.
Fig. 3. Stimuli and experimental design. (A) Examples of the Ponzo conﬁgurations as used in Experiments 4 and 5. A typical trial in Experiments 4b (B) and 5 (C).
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surrounded by small and large inducers. Repeated-measures ANOVA
showed that both the main eﬀects of Target Type (circle vs. irregular
shape, F(1,16)= 37.45, p < .001, ηp2= .70) and Size of Inducers
(large vs. small, F(1,16)= 44.29, p < .001, ηp2= .74) and the inter-
action between the two variables (F(1,16)= 43.73, p < .001,
ηp2= .73) were signiﬁcant. The illusion magnitudes were signiﬁcant for
both the circle (M=6.93%, 95% conﬁdence interval (CI)= [4.94%,
8.93%], t(16)= 7.36, p < .001, d=1.79, BF10= 14019.38) and the
irregular (M=1.43%, 95% CI= [0.37%, 2.49%], t(16)= 2.87,
p= .011, d=0.70, BF10= 4.40) targets. Moreover, the illusion
strength was signiﬁcantly larger for the circle than for the irregular
targets (mean diﬀerence=5.50%, 95% CI= [3.74%, 7.27%], t
(16)= 6.61, p < .001, d=1.60, BF10= 4140.83; see Fig. 4A).
In Experiment 1b, incorrect responses and extreme values out-
side± 3 standard deviations of the mean were excluded from further
analyses (1.4% of all trials). Repeated-measures ANOVA demonstrated
signiﬁcant main eﬀects of Target Type (F(1,16)= 6.20, p= .024,
ηp2= .28) and Size of Inducers (F(1,16)= 12.58, p= .003, ηp2= .440),
as well as signiﬁcant interaction between the two variables (F
(1,16)= 5.01, p= .040, ηp2= .24). The apparently large target (sur-
rounded by small inducers) took less time to gain dominance against
the dynamic noise compared with the apparently small target (sur-
rounded by large inducers) for both the circle (mean diﬀer-
ence=−0.18 s, 95% CI= [−0.27, −0.09], t(16)=−4.19, p= .001,
d=1.02, BF10= 52.69) and the irregular (mean diﬀerence=−0.09 s,
95% CI= [−0.18, −0.002], t(16)=−2.17, p= .046, d=0.53,
BF10= 1.33) targets (see Fig. 4B). Furthermore, the disparity of the
suppression times for the targets surrounded by small and large in-
ducers was signiﬁcantly larger for the circle target than for the irregular
target (mean diﬀerence=−0.08 s, 95% CI= [−0.17, −0.005], t
(16)=−2.24, p= .040, d=0.54, BF10= 1.49), suggesting that the
suppression time eﬀect observed with the circle target to a large extent
reﬂects the diﬀerence of the perceived sizes of the invisible targets
rather than the simple presence of the large vs. small inducers alone.
Notably, by subtracting out the potential inﬂuences purely from the
visible inducers (large vs. small inducers with the irregular target), the
suppression time disparity of the identical circle targets with diﬀerent
perceived sizes in Experiment 1b signiﬁcantly correlated with the cor-
responding illusion strength diﬀerence obtained in Experiment 1a (r
(17)=−0.61, p= .010, BF10= 6.33; see Fig. 4C). In other words, the
suppression time diﬀerence can be well predicted by the perceived
Ebbinghaus illusion strength across participants. The stronger the per-
ceived Ebbinghaus illusion strength (the perceived size diﬀerence be-
tween the apparently large vs. small targets), the larger the suppression
time diﬀerence between the two identical targets respectively sur-
rounded by small and large inducers.
In Experiment 1c, we tested whether the results obtained in
Experiment 1b could be explained simply by diﬀerent recognition
speeds or diﬀerent response criteria corresponding to the diﬀerent
perceived sizes of the target. Repeated-measures ANOVA showed that
neither the main eﬀect of Size of Inducers (F(1,15)= 0.47, p > .250,
ηp2= .03) nor the interaction of Target Type and Sizes of Inducers (F
(1,15)= 0.44, p > .250, ηp2= .03, BF10= 0.22) was signiﬁcant. The
response times for the targets surrounded by small and large inducers
were not signiﬁcantly diﬀerent (circle target: t(15)= 0.95, p > .250,
d=0.24, BF10= 0.29; irregular target: t(15)=−0.11, p > .250,
d=0.03, BF10= 0.19), and the disparity of the response times was not
diﬀerent between the circle and irregular targets (t(15)= 0.67,
Fig. 4. Results from Experiment 1. (A) The illusion strength, (B) the suppression time diﬀerence, (C) the correlation between the illusion strength diﬀerence and the
corresponding suppression time diﬀerence, and (D) the response time diﬀerence when the target was blended into the noise pattern. Error bars denote one standard
error of the mean (SEM). Asterisks (*) indicate signiﬁcance levels of * p < .05, and *** p < .001.
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p > .250, d=0.17, BF10= 0.23; see Fig. 4D). These results conﬁrmed
that the signiﬁcant disparity of the suppression times observed in Ex-
periment 1b was not due to diﬀerent recognition speeds or response
criteria.
3.2. Experiment 2: Ebbinghaus illusion with invisible inducers using CFS
masking
In Experiment 2a, the observers reported that they did not perceive
the surrounding inducers in 88.4% trials with the circle target, and in
85.7% trials with the irregular target. The number of unperceived trials
in these two conditions was comparable (mean diﬀerence= 2.71%,
95% CI= [−1.90%, 7.31%], t(23)= 1.21, p= .236, d=0.25). When
we analyzed only these unperceived trials, repeated-measures ANOVA
demonstrated a signiﬁcant interaction between Target Type and Size of
Inducers (F(1,23)= 12.74, p= .002, ηp2= .36). When the target was a
circle, the illusion eﬀect was signiﬁcant (M=1.42%, 95%
CI= [0.56%, 2.28%], t(23)= 3.42, p= .002, d=0.70, BF10= 15.28).
However, when the target was an irregular shape, the illusion eﬀect was
not evident (M=−0.27%, 95% CI= [−0.89%, 0.36%], t
(23)=−0.89, p > .250, d=0.18, BF10= 0.23). Notably, the illusion
magnitude of the circle target was signiﬁcantly larger than that of the
irregular target (mean diﬀerence=1.69%, 95% CI= [0.71%, 2.67%],
t(23)= 3.57, p= .002, d=0.73, BF10= 21.11; see Fig. 5A). Sixteen of
the observers were enrolled in the 2AFC task. Results showed that the
accuracy of identiﬁcation was at chance level (M=50.03%, 95%
CI= [48.10%, 51.97%], BF10= 0.19). Since the exclusion of the per-
ceived trials in Experiment 2a would potentially bring in the eﬀect of
regression to the mean (Shanks, 2017), we further conducted
Experiment 2b.
In Experiment 2b, repeated-measures ANOVA demonstrated a sig-
niﬁcant interaction between Target Type and Size of Inducers (F
(1,19)= 8.63, p= .008, ηp2= .31). When the target was a circle, the
illusion eﬀect was signiﬁcant (M=0.78%, 95% CI= [0.17%, 1.38%], t
(19)= 2.68, p= .015, d=0.60, BF10= 3.24), and it was signiﬁcantly
reduced compared to the visible condition in Experiment 1a (F
(1,35)= 44.71, p < .001, ηp2= .56). However, when the target was
an irregular shape, the illusion eﬀect was not evident (M=−0.61%,
95% CI= [−1.62%, 0.41%], t(19)=−1.25, p=0.226, d=0.28,
BF10= 0.35). Notably, the illusion magnitude of the circle target was
signiﬁcantly larger than that of the irregular target (mean diﬀer-
ence=1.38%, 95% CI= [0.40%, 2.37%], t(19)= 2.94, p= .008,
d=0.66, BF10= 5.26; see Fig. 5B). Results of the 2AFC task showed
that the accuracy of discrimination was at chance level (M=49.00%,
95% CI= [46.50%, 51.50%], BF10= 0.24). Considering the narrow
conﬁdence interval and the Bayes factor favoring the null hypothesis in
the 2AFC task, as well as all trials being included in the analysis, the
signiﬁcant Ebbinghaus illusion eﬀect observed in Experiment 2b was
unlikely accounted for by the regression-to-the-mean eﬀect. Still, the
optimal method to assess observers’ awareness is to combine the sub-
jective (Experiment 2a) and the objective (Experiment 2b) measure-
ments (Shanks, 2017).
3.3. Experiment 3: Ebbinghaus illusion with invisible inducers using
backward masking
Paired-sample t test showed that the illusion eﬀect was signiﬁcant
for the circle target (M=1.81%, 95% CI= [0.55%, 3.07%], t
Fig. 5. Results from Experiments 2a (A), 2b (B) and 3 (C). Note that only the circle target was adopted in Experiment 3. Error bars denote one standard error of the
mean (SEM). Asterisks (*) indicate the signiﬁcance level of ** p < .01.
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(19)= 3.01, p= .007, d=0.67, BF10= 6.07; see Fig. 5C). Again, the
illusion magnitude of the circle target was signiﬁcantly reduced com-
pared with the visible condition in Experiment 1a (F(1,35)= 22.27,
p < .001, ηp2= .39), but was comparable to the illusion magnitude of
the circle target obtained in Experiment 2b (F(1,38)= 2.42, p= .128,
ηp2= .06). Furthermore, results of the 2AFC task showed that the ac-
curacy of discrimination was at chance level (M=49.38%, 95%
CI= [46.03%, 52.72%], BF10= 0.18).
3.4. Experiment 4: Contextual modulations of visible and invisible targets in
the Ponzo conﬁguration
In Experiment 4a, the perceived size of the target in the parallel-line
context was subtracted from that of the corresponding target in the
converging-line contexts, and the Ponzo illusion eﬀect was measured as
the disparity of the perceived lengths of the targets located near and far
from the apex. The results revealed a signiﬁcant main eﬀect of Context
(F(1,19)= 5.48, p=0.030, ηp2= .22), as well as a signiﬁcant inter-
action between Context and Target Location (F(1,19)= 95.07,
p < .001, ηp2= .83). Paired-sample t tests showed that, in the con-
verging-line contexts, the target presented near the apex was perceived
signiﬁcantly longer than the same target presented far from the apex
(converging upward: mean diﬀerence=4.05%, 95% CI= [2.83%,
5.27%], t(19)= 6.95, p < .001, d=1.56, BF10= 16976.4; converging
downward: mean diﬀerence= 3.67%, 95% CI= [2.14%, 5.19%], t
(19)= 5.04, p < .001, d=1.13, BF10= 394.8; see Fig. 6A). The illu-
sion strength in the two converging-line contexts was comparable
(mean diﬀerence= 0.39%, 95% CI= [−1.82%, 2.59%], t(19)= 0.37,
p > .250, d=0.08, BF10= 0.18), and their mean illusion eﬀect was
signiﬁcant (M=3.86%, 95% CI= [3.03%, 4.69%], t(19)= 9.75,
p < .001, d=2.18, BF10= 1.98×106). The main eﬀect of Target
Location was not signiﬁcant (F(1,19)= 0.14, p > .250, ηp2= .01). The
mean magnitude of the Ponzo illusion in the converging-line contexts
was in between the magnitudes of the Ebbinghaus illusion with the
circle target (F(1,35)= 10.12, p= .003, ηp2= .22) and that with the
irregular target (F(1,35)= 14.89, p < .001, ηp2= .30; see Fig. 6B).
In Experiment 4b, incorrect responses and extreme values out-
side ± 3 standard deviations of the mean were excluded from further
analyses (1.7% of all trials). The main eﬀect of Context was signiﬁcant
(F(1,19)= 9.47, p= .006, ηp2= .33). The interaction between Context
and Target Location was not signiﬁcant (F(1,19)= 1.18, p > .250,
ηp2= .06, BF10= 0.30). Suppression times of the targets at the upper
and the lower locations were not diﬀerent in each of the converging-
line contexts (converging upward: mean diﬀerence=0.003 s, 95%
CI= [−0.24, 0.25], t(19)= 0.03, p > .250, d=0.006, BF10= 0.17;
converging downward: mean diﬀerence=0.18 s, 95% CI= [−0.07,
0.43], t(19)= 1.51, p= .149, d=0.34, BF10= 0.48; see Fig. 6C). The
mean suppression time of the target near the apex in the converging-
line contexts was comparable to that far from the apex (mean diﬀer-
ence=−0.09 s, 95% CI= [−0.26, 0.08], t(19)=−1.08, p > .250,
d=0.24, BF10= 0.30). The main eﬀect of Target Location was not
signiﬁcant (F(1,19)= 1.11, p > .250, ηp2= .06).
3.5. Experiment 5: Ponzo illusion with invisible inducers using CFS masking
In Experiment 5, the accuracy of context identiﬁcation was at
chance level (M=33.38%, 95% CI= [32.03%, 34.72%], BF10= 0.17).
Repeated-measures ANOVA demonstrated that neither the main eﬀects
of Context (F(1,19)= 0.02, p > .250, ηp2= 0.001) and Target
Location (F(1,19)= 0.05, p > .250, ηp2= 0.002) nor the interaction
between the two variables (F(1,19)= 0.16, p > .250, ηp2= 0.01,
BF10= 0.16) was signiﬁcant. Paired-sample t tests revealed that the
Fig. 6. Results from Experiments 4a (A), 4b (C) and 5 (D). (B) Comparison of illusion strength between the Ebbinghaus illusion (Experiment 1a) and the Ponzo
illusion (Experiment 4a). Error bars denote one standard error of the mean (SEM). Asterisks (*) indicate signiﬁcance levels of * p < .05, and *** p < .001.
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perceived sizes of the targets presented at the upper and the lower lo-
cations were not diﬀerent in the converging-line contexts (converging
upward: mean diﬀerence=0.04%, 95% CI= [−1.80%, 1.88%], t
(19)= 0.04, p > .250, d=0.01, BF10= 0.17; converging downward:
mean diﬀerence=−0.36%, 95% CI= [−2.36%, 1.63%], t
(19)=−0.38, p > .250, d=0.09, BF10= 0.18; see Fig. 6D). There
was no signiﬁcant illusion eﬀect in the subconscious converging-line
contexts (M=0.20%, 95% CI= [−0.86%, 1.26%], t(19)= 0.40,
p > .250, d=0.09, BF10= 0.18).
4. Discussion
Contextual modulation of visual size processing correlates with both
human V1 and avian subcortical areas, suggesting that it would have
evolutionary signiﬁcance and might take place without consciousness.
Here we probed this issue using the Ebbinghaus illusion in conjunction
with two masking techniques. We selectively rendered the central
target of the illusory conﬁguration invisible with CFS, and found that
the suppressed target gained access into awareness more quickly when
surrounded by small relative to large inducers (Experiment 1).
Furthermore, when the surrounding inducers were rendered invisible
through CFS (Experiment 2) and backward masking (Experiment 3), we
found signiﬁcant illusion eﬀects under both masking methods. These
results provide compelling evidence that contextual information can
modulate visual size processing without awareness of the surrounding
inducers or the central target.
Two main cognitive theories have been proposed to explain the
Ebbinghaus illusion. One is the size contrast theory (Massaro &
Anderson, 1971). According to this account, surrounding inducers serve
as a standard for the size estimation of the central target. The size
contrast theory requires high-level inferential mechanism to be in-
volved. The other view is the contour interaction theory (Jaeger, 1978),
in which contextual contours that are adjacent to the central target
perceptually attract the edges of the target and induce size over-
estimation, whereas contextual contours that are relatively far from the
target perceptually repel the edges of the target and induce size un-
derestimation. Jaeger and Klahs (2015) found that increasing the
number of small inducers along the perimeter of large inducers reduced
the perceived size of the central target, suggesting that the Ebbinghaus
illusion results from the contour interaction. Song et al. (2011) have
also found that the Ebbinghaus illusion strength is signiﬁcantly reduced
when the surrounding inducers and the central target are presented to
diﬀerent eyes. Further, when the surrounding inducers and the central
target were sequentially presented to diﬀerent eyes with the sur-
rounding inducers being rendered invisible, the Ebbinghaus illusion
eﬀect disappeared (Nakashima & Sugita, 2018). Along these lines, the
current study further demonstrates that the Ebbinghaus illusion eﬀect
persists even when the central target or its surrounding inducers are
rendered invisible. Our ﬁndings, together with these previous studies,
support the account that low-level contour interaction robustly con-
tributes to the emergence of the Ebbinghaus illusion, which might take
place prior to awareness of the illusory conﬁguration. On the other side,
the signiﬁcant magnitude reduction of the Ebbinghaus illusion from the
conscious processing to the subconscious processing suggests that the
Ebbinghaus illusion might be a multilevel course encompassing both
high-level (e.g., cognitive) and low-level (e.g., perceptual) processing.
For the Ponzo illusion, the subconscious contextual modulation ef-
fect vanished when we rendered the target bar (Experiment 4b) or the
surrounding context (Experiment 5) invisible with CFS, even though the
visible Ponzo conﬁguration produced robust size illusion eﬀect
(Experiment 4a). It has been proposed that, diﬀerent from the
Ebbinghaus illusion, the Ponzo illusion is largely mediated by feedback
projections from higher visual areas to V1. Therefore, our study sug-
gests that subconscious contextual modulation of visual size processing
occurs at relatively early visual processing stages and is largely in-
dependent of high-level feedback inﬂuences.
Note that recent studies have demonstrated that the subconscious
contextual modulation of visual processing can also take eﬀect on some
other low-level visual properties, including orientation (Cliﬀord &
Harris, 2005; Hayashi & Murakami, 2015; Mareschal & Cliﬀord, 2012;
Pearson & Cliﬀord, 2005) and brightness (Harris, Schwarzkopf, Song,
Bahrami, & Rees, 2011). The magnitude of tilt illusion correlates with
the eﬀective connectivity from peripheral to foveal V1 (Song, et al.,
2013) as well as the surface area of V1 (Song, Schwarzkopf, & Rees,
2013). Context-dependent brightness perception correlates with neural
activity in V1 (Boyaci, Fang, Murray, & Kersten, 2007). By contrast, the
subconscious contextual modulation eﬀect is not observed for visual
processing that involves relatively higher-level inferential mechanisms,
such as the Kanizsa-type illusory contours (Banica & Schwarzkopf,
2016; Harris et al., 2011; Sobel & Blake, 2003; but see Fahrenfort, van
Leeuwen, Olivers, & Hogendoorn, 2017). Kanizsa contour processing
relies on the lateral occipital area and feedback projections from higher
visual areas to V1/V2 (Wokke, Vandenbroucke, Scholte, & Lamme,
2013). In line with these observations, the current study further reveals
that subconscious contextual modulation can also take eﬀect on visual
size processing in the Ebbinghaus illusion but not in the Ponzo illusion
which is largely mediated by feedback inﬂuences from higher visual
areas to V1. Thus, all the converging evidence lends support to the
notion that subconscious contextual modulation takes place at rela-
tively early visual processing stage without high-level feedback inﬂu-
ences being directly involved. Yet the exact neural mechanisms un-
derlying subconscious contextual modulation remain to be delineated
by future neurophysiological investigations.
In summary, the current study provides evidence that contextual
information can modulate visual size processing without awareness of
the surrounding inducers or the central target, and that such modula-
tion occurs in the early visual processing stream independent of feed-
back inﬂuences. Our ﬁndings extend the understanding of subconscious
contextual modulation, and further underscore the contour interaction
account in explaining the Ebbinghaus illusion.
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